The effect of floor insulation and clothing wetness on thermal response of life raft occupants exposed to cold by Evely, Kerri-Ann
  
THE EFFECT OF FLOOR INSULATION AND CLOTHING WETNESS ON 
THERMAL RESPONSE OF LIFE RAFT OCCUPANTS EXPOSED TO COLD 
 
by 
 
© Kerri Ann Evely 
 
 
A thesis submitted to the 
School of Graduate Studies 
in partial fulfilment of the 
requirements for the degree of 
Master of Science in Kinesiology 
 
School of Human Kinetics and Recreation 
Memorial University of Newfoundland 
May 2015 
 
 
 
St. John’s      Newfoundland 
 
ii 
 
Abstract 
Introduction: Inflatable life rafts are the primary evacuation units used by the majority of 
vessels at sea. In the event of an emergency evacuation from a vessel, all passengers don 
the provided survival equipment and enter the life raft from the vessel or water. If the 
passengers do not have additional thermal protection (such is the case of many passenger 
vessels) they are largely dependent on the thermal protection of the life raft to prevent or 
minimize heat loss to the environment. Although current life raft standards require every 
life raft to provide sufficient insulation against cold (IMO, 1996), the standard lacks 
performance standards. The aim of this study was to determine the thermal response of 
life raft occupants with no additional thermal protection in cold conditions. 
   
Methods: Five male and three female participants (26.3 ± 6.1 yrs, 84.4 ± 18.5 kg, 175.7 ± 
9.6 cm, 23.7 ± 9.1 BF%) were exposed to four randomly assigned life raft conditions: wet 
clothing with uninflated floor (WU), wet clothing with inflated floor (WI), dry clothing 
with uninflated floor (DU), and dry clothing with inflated floor (DI). Trials were 
terminated based on any one of the following criteria: core temperature (both Tre and Tty) 
dropped to 35
o
C, the scheduled trial end time was reached (max 8.25 hrs), or the 
participant refused to continue. For all trials the ambient conditions were: 5
o
C air and 
water temperature, 5m∙s-1 wind speed, and 0.5m∙s-1 towing speed. During each trial two 
participants and one researcher occupied a 16 person life raft. Participants wore a full zip 
cotton coverall, cotton t-shirt, cotton briefs, and a safety of life at sea (SOLAS) approved 
lifejacket. The extremities were protected against non-freezing cold injuries with wool 
lined leather mittens, wool socks and 5 mm neoprene boots. Measures of rectal and 
tympanic temperatures (Tre and Tty), skin temperature (Tsk) and heat flow (HF) at 13 sites, 
and metabolic rate (MR) were recorded continuously during each trial. All trials were 
conducted at the National Research Council – Institute for Ocean Technology’s indoor 
ice tank. 
 
Results: Baseline measurements were similar across all four conditions (Tre: 
36.85±0.04
o
C; Tty: 36.39±0.01
o
C; Tsk: 33.02±0.03
o
C; HF: 60.31±2.47W·m
-2
; MR: 
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106.30±49.44W). The duration of exposure for DI (7.76±0.52h) was significantly longer 
compared to DU (6.49±1.07h) and WI (6.10±1.29h), with the exception of WU 
(6.37±2.15h). At the end of the exposures, Tre and Tty had decreased from the baseline 
measurements for all condition. Tre decreased more significantly for the un-inflated 
conditions, WU (34.95±0.73
o
C) and DU (34.76±0.69
o
C), compared to the inflated 
conditions, WI (35.65±0.50
o
C) and DI (35.72±0.49
o
C). However, the clothing wetness 
had no significant effect on the Tre cooling. Tty decreased similar amounts across all four 
conditions indicating that neither the clothing wetness nor floor insulation had a 
significant effect on Tty cooling: WU (35.63±0.47
o
C), WI (35.12±0.82
o
C), DU 
(35.34±0.58
o
C), and DI (35.30±0.41
o
C). Tsk decreased across all conditions but 
significantly more during the wet conditions, WU (23.48±2.44
o
C) and WI 
(24.01±1.91
o
C), compared to the dry conditions, DU (26.84±1.61
o
C) and DI 
(27.72±1.52
o
C). The difference between the baseline and exposure average HF was 
significantly greater for the wet conditions, WU (183.20±29.27W·m
-2
) and WI 
(171.95±29.63W·m
-2
), compared to the dry conditions, DU (124.59±32.53W·m
-2
) and DI 
(120.67±23.03W·m
-2
). The floor had no significant effect on Tsk or HF. The average MR 
was greater during the exposures than baseline for all conditions with a more significant 
increase during the wet conditions, WU (65.17±27.12W) and WI (69.48±44.39W), 
compared to the dry conditions, DU (37.90±28.89W) and DI (5.44±39.00W). Similar to 
Tsk and HF, the floor had no significant effect on the change in average MR. 
 
Conclusion: This study demonstrated that both clothing wetness and floor insulation have 
an effect on the thermal response of life raft occupants wearing minimal protective 
clothing. Clothing wetness had the biggest effect on Tsk, HF, and MR, with floor 
insulation having the biggest effect on Tre.  
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Chapter 1 Introduction 
1.1 Introduction 
People began using seagoing vessels as a means of transportation thousands of years ago. 
Today seafaring vessels travel worldwide to transport people and goods, harvest fish, and 
explore for petroleum. The increase in activity at sea has raised concern for the safety of 
lives at sea. In 1912, following the sinking of the RMS Titanic, the need for standards 
concerning safety at sea was recognized, leading to a regulation requiring ships to 
provide lifeboats for all passengers on board (Heinz, 2005). However, an adequate 
number of the grossly sized lifeboats could not be stored on the war ships to 
accommodate the larger crew sizes during World War I and II (Heinz, 2005). 
Consequently the maritime world began using the more compact inflatable life rafts 
during World War II. Since then, inflatable life rafts have played an important role in 
saving lives at sea (Morall, 1983). 
 
At present day inflatable life rafts have been adopted as the primary evacuation units used 
worldwide by the majority of vessels at sea, from smaller fishing vessels to larger oil 
installations and passenger vessels (Mak et al, 2005). In the event of a vessel evacuation, 
all passengers don the provided survival equipment and enter the life raft from the 
distressed vessel or water. If the passengers do not have additional thermal protection, 
they are largely dependent on the thermal protection of the life raft to prevent or 
minimize body heat loss to the environment.  
 
To ensure that life rafts provide the essential thermal protection against often extreme 
environmental conditions, the International Maritime Organization (IMO) standard for 
thermal protection in life rafts states that Safety of Life at Sea (SOLAS) life rafts are 
required to provide sufficient insulation against cold (IMO, 1996). Even though 
improvements have been made to the thermal properties of life rafts to meet these 
standards, reports still indicate that when survivors of ship abandonment are rescued the 
majority of the life raft occupants inadequately clothed for the conditions suffer from 
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hypothermia (Golden and Tipton, 2002). These reports of hypothermia are an indication 
of shortcomings in the construction of life rafts. 
 
The high incidence of hypothermia cases reported during life raft rescues is not 
unanticipated considering the same models of life rafts are used in all geographical 
climates worldwide, from the warmer Caribbean waters to the colder Canadian Arctic 
waters. With a recent increase of passenger vessels and discussions of increased activity 
in petroleum exploration in the Arctic region, also comes an increase in the probability of 
maritime disasters occurring in these cold regions. This rise in Arctic activity has 
increased the attention directed towards thermal protection in the maritime world.  
 
In the event of a maritime disaster in cold water there are many environmental factors 
that affect a life raft occupant’s heat loss. A primary cause of heat loss from the 
environment is increased wind speed. As cooler air moves across the surface of the body, 
heat is transferred from the body to warm the surrounding air.  Greater wind speeds cause 
a continuous push of cooler air across the body, resulting in a continuous transfer of heat 
from the body to the air. Heat loss is further increased when the difference between the 
ambient air temperature and body temperature is significant, with the ambient air 
temperature being lower (Danielsson, 1996; Noakes, 2000). Without wind the heat 
generated by the body warms the immediate surroundings, providing an additional 
thermal protective boundary against the cooler air, reducing the rate of heat loss.  
 
The temperature and motion of the water play a role in heat loss by cooling the floor of 
the life raft and increasing air movement. Wave and current speeds can cause a 
continuous movement of cooler water below the floor not allowing the temperature of the 
floor to increase. The floor of the life raft provides a thermal protective layer between the 
occupant and the cold ocean water. The IMO (1996) standard for thermal requirements of 
a life raft specifies a need for insulated floors. Currently most life rafts are manufactured 
to provide extra thermal protection in the floor with a layer of air (inflatable) or closed 
cell foam. 
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To compensate for this heat loss the body must rely upon physiological responses such as 
shivering and vasoconstriction to increase heat production and decrease heat loss, 
respectively. Furthermore, the behaviour of the occupant can affect heat loss (Jessen, 
2000). Different body positions and positions in relation to other occupants can affect 
heat loss as well. The body position will determine the contact area between the life raft 
and occupant. The greater the contact area the greater the amount of heat transferred from 
the occupant to the life raft (Golden & Tipton, 2002). Some researchers suggest that 
proximity of occupants can cause an increase in heat transfer among each other 
(Giesbrecht et al, 1987). In a survival situation, it is more likely that body to body contact 
decreases the rate of heat loss because the bodies act as insulation. 
 
Each layer of clothing donned by the occupant is a layer of thermal protection between 
the occupant and elements of the environment. If the occupant must enter the life raft 
from the water or is splashed, the wet clothing can increase heat loss (Noakes, 2000). 
Furthermore, if the life raft is flooded and the occupant is immersed in water, heat can be 
transferred away from the body four times faster compared to a dry environment at the 
same ambient temperature because the thermal conductivity of water is 25 times greater 
than air (Brooks, 2003). 
 
Improving the survival rate at sea as one of the driving forces, life raft manufactures have 
made many changes to the design of life rafts over the year, from open concept wooden 
rafts to inflatable life rafts with insulated floors and closed canopies. Today’s life raft 
designs provide the occupants with more thermal protection against the harsh 
environmental conditions then previous open concept models. The improvements in the 
thermal properties of the life raft design have been driven by tests on the individual 
components of the life raft, while no previous testing has been performed on the entire 
life raft – occupant system. The aim of this experiment is to test the thermal properties of 
the life raft – occupant system to determine the effects of floor insulation and clothing 
wetness on the occupant’s thermal response. 
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1.2 Purpose 
The aim of this study was to determine the effect of clothing wetness and floor insulation 
on the thermal response and comfort of life raft occupants with no additional thermal 
protection in cold conditions. 
1.3 Hypotheses 
The following null hypotheses were tested: 
H1: Physiological thermal response of life raft occupants exposed to cold conditions will 
remain unchanged due to clothing wetness.  
H2: Physiological thermal response of life raft occupants exposed to cold conditions will 
remain unchanged due to floor insulation. 
H3: Thermal comfort level of life raft occupants exposed to cold conditions will remain 
unchanged due to clothing wetness. 
H4: Thermal comfort level of life raft occupants exposed to cold conditions will remain 
unchanged due to floor insulation.  
 
(H0:μ1 = μ2 = μ3 = μ4 where: μ1 = WU, μ2 = WI, μ3 = DU, and μ4 = DI) 
Where WU is wet clothing – uninflated floor; WI is wet clothing – inflated floor; DU is 
dry clothing – uninflated floor; and DI is dry clothing – inflated floor. 
1.4 Limitations 
1. There was only one clothing ensemble tested. However, on a passenger vessel there 
would be many variations of clothing worn, including synthetics which is known for 
minimizing the effect of wetness on thermal response (Hooper et al, 2015). 
2. Due to the complexity of the experiment a decision was made to have a test 
population of 8 participants with longer duration trials. 
3. The findings of this study are intended to represent passengers of vessels such as 
ferries and cruise ships. The participants in this study were young healthy individuals 
and may not reflect the demographic of the passenger ship passengers. 
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Chapter 2 Literature Review 
2.1 Introduction 
Inflatable life rafts are currently used worldwide as a means of evacuation and survival 
from almost all seagoing vessels, regardless of their size and purpose. This ranges from 
fishing and other commercial vessels with small crew sizes to offshore oil installations 
and passenger ships with thousands of persons onboard (Hahne, 1983; Mak et al, 2005). 
In the event of an emergency vessel evacuation all passengers don the provided survival 
equipment and enter the life raft from the vessel or water. If the passengers do not have 
additional thermal protection they are largely dependent on the thermal protection of the 
life raft to prevent or minimize heat loss. 
 
Currently the same models of life rafts are used in both cold Northern Canadian waters 
and warmer Caribbean waters. Although the IMO standard for thermal protection in life 
rafts states that SOLAS life rafts are required to provide sufficient insulation against cold 
(IMO, 1996), this standard is not specific to the different geographical climates of the 
world. This is of a concerning nature because when survivors of ship abandonment are 
rescued the majority of the life raft occupants suffer from hypothermia, confirming that 
thermal protection remains the predominant problem of survival at sea (Golden & Tipton, 
2002). 
 
There are many factors that can affect a life raft occupant’s heat loss in a survival 
situation. These factors are grouped into environmental factors, physiological and 
psychological factors, behavioural factors, and life raft characteristics. This literature 
review will discuss the factors that contribute to occupant heat loss during cold exposure 
in a life raft. 
2.2 Cold environmental factors that affect thermoregulation 
Convection, evaporation, conduction and radiation are the four principle ways the human 
body exchanges heat with the environment (Colin & Houdas, 1967; Makinen et al, 2000). 
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The primary cause of convective heat loss from the body to the environment is wind. As 
cooler air moves across the surface of the body, heat is transferred from the body to warm 
the surrounding air. Convective heat loss is further increased when the ambient air 
temperature is less than the average skin temperature of 33
o
C (Danielsson, 1996; Noakes, 
2000). The magnitude of heat lost is dependent on the wind speed (Makinen et al, 2000). 
In fact, higher ambient temperatures combined with increased winds speed can result in 
the same risk of tissue cooling as very low ambient temperatures (Danielsson, 1996).  
 
Much research has been carried out on how wind speed in cold environments contributes 
to heat loss. Siple and Passel (1945) studied the combined effect of wind speeds and cold 
ambient temperatures on the cooling rate of a plastic water container in the Antarctic. The 
results led to the development of the wind-chill index (WCI). The WCI was used to 
determine the wind chill temperatures (WCTs), defined as the perceived ambient 
temperature felt by the exposed skin. Later research found that the WCTs calculated from 
Siple and Passel’s (1945) research were not reliable (Kessler, 1993; Molnar, 1960; 
Osczevski, 1995, 2000; Steadman, 1971). Research conducted by Ducharme and 
Brajkovic (2005) determined that the WCI defined by Siple and Passel were based on 
conditions that were too sever and suggested a new WCI to include more mild conditions. 
Similarly, Osczevski and Bluestein (2005) developed a chart of wind chill equivalent 
temperatures (WCETs).  
 
When humidity is introduced to a cold environment, convective heat loss increases 
because water has a higher conductivity than air (Brooks, 2003; Golden & Tipton, 2002). 
Similarly, wet clothing will also increase heat loss (Noakes, 2000). Since the thermal 
conductivity of water is 25 times greater than air, individuals immersed in cold water will 
lose heat approximately four times faster than in air at the same temperature (Brooks, 
2003). Evaporative heat loss also increases when the clothing is wet. Heat required to 
transform the water into vapors is removed from the surface of the skin, further cooling 
the skin (Brooks, 2003).  
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Conductive heat loss occurs when heat is transferred from the body’s surface area to the 
surrounding environment by direct contact (Brooks, 2003). Three factors that impact the 
amount of heat loss by conduction are: temperature gradient between the body surface 
and object, size of the contact area, and thermal conductivity of the object (Golden & 
Tipton, 2002). In a life raft environment, heat loss by conduction primarily occurs 
between the occupant and the floor. Waves or current can cause a continuous movement 
of cooler water below the floor not allowing the temperature of the floor to increase (Mak 
et al, 2008). 
 
All living humans emit thermal radiation from exposed body surface area (Brooks, 2003). 
At the same time, radiant heat generated by the sun can be absorbed by the human body. 
The amount of radiant heat lost is dependent on the effective radiating body surface 
areas, temperature gradient between the environment and the body surface area, and 
emissivity and reflectivity of the body surface area in relation to the emissivity and 
average radiant temperature of the environment (Golden & Tipton, 2002). Body position 
and layered clothing can reduce the amount of radiant heat loss (Golden & Tipton, 2002). 
2.3 Physiological and psychological factors that affect 
thermoregulation 
Heat loss is also affected by the physiological response and condition of the occupant. 
Without proper clothing or shelter, the human body has a high capacity for heat loss 
during cold exposure. To compensate for this heat loss the body must rely upon 
physiological responses such as shivering and vasoconstriction to increase heat 
production and decrease the rate of heat loss, respectively. This section will also discuss 
the psychological factors that may affect thermoregulation. 
2.3.1 Hypothermia 
When the body detects a decrease in the core body temperature, thermoregulatory 
responses are activated in an attempt to maintain thermal homeostasis (Satinoff, 1978). 
Humans are most comfortable with a core body temperature of approximately 36.9
o
C ± 
1.0
o
C (Gagge & Herrington, 1947). A core body temperature between 32 to 35
o
C is 
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defined as mild hypothermia, 28 to 32
o
C is defined as moderate, and below 28
o
C is 
defined as severe (Biem et al, 2003). A decrease in core body temperature of 
approximately 10
o
C can result in death (Golden & Hervey, 1972; Stocks et al, 2004).  
 
During cold exposure the human body’s primary objective is to maintain core body 
temperature for cardiac functioning (Giesbrecht, 2000; Golden & Tipton, 2002). 
However, if the rate of cooling is faster than heat produced by the thermoregulatory 
responses, the core temperature will decrease and the body will begin to experience 
symptoms of hypothermia. A decrease in core body temperature causes an increase in the 
viscosity of the blood and a decrease in the transmission of electrical activity throughout 
the heart (Giesbrecht, 2000). This results in a decreased heart rate and cardiac output to 
the rest of body. A decrease in blood flow triggers the brain to gradually shut down 
cerebral areas, reducing metabolism in the brain (Golden & Tipton, 2002). The reduced 
metabolism decreases the amount of damage to the dormant areas of the brain 
(Giesbrecht, 2000). If core temperature continues to decrease, more areas of the brain will 
shut down leading to impaired cognition during moderate hypothermia and 
unconsciousness during severe hypothermia (Golden & Tipton, 2002). 
2.3.2 Vasoconstriction 
In response to cold exposure the sympathetic nervous system reduces blood flow to the 
periphery in an attempt to maintain warm blood flow to the major organs (Biem et al, 
2003; Wyss et al, 1974). Constricting the blood flow to the peripheral areas results in an 
overall reduction in heat loss by decreasing the thermal conductivity between the skin 
surface and surrounding environment (Golden & Tipton, 2002). Vasoconstriction begins 
when the environmental temperature is lower than the skin temperature, causing warm 
thermal receptors to decrease firing rate and cold thermal receptors to increase firing rate 
(Golden & Tipton, 2002; Graham, 1988; Tipton, 1989). The cold thermal receptors send 
the information to the thermal control centers of the brain. The thermal control centers of 
the brain are thought to be located in the pre-optic area and anterior hypothalamus 
(Boulant & Dean, 1986), however the precise location of the thermal control centers 
remains unclear (Blight, 1998). The thermal control centers process the information 
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triggering vasoconstriction and other physiological responses, such as change in 
breathing rate (Boulant & Dean, 1986).  
 
The intensity of vasoconstriction depends on the temperature gradient between the 
environment and skin, the rate of change in environmental temperature, and size and 
location of the exposed skin region (Hensel, 1981; Jessen, 2000). During prolonged 
exposure to cold temperatures active vasoconstriction is maintained by the sympathetic 
noradrenergic nervous pathway. The noradrenaline released by the vasoconstrictor fibres 
stimulates α-adrenergic fibres to constrict and β-adrenergic fibres to relax the walls of the 
blood vessels. Since β-adrenergic fibres are outnumbered by α-adrenergic fibres in the 
blood vessels, vasoconstriction is the predominate response (Schmidt & Thews, 1989). 
Some research has measured vasoconstriction to cause greater than 99% decrease in 
blood flow to the periphery (Golden & Tipton, 2002). 
2.3.3 Metabolic response (Shivering) 
If vasoconstriction is not sufficient to prevent a decrease in core body temperature during 
cold exposure, a change in muscle metabolism occurs to increase heat production 
(Benzinger, 1970). To prepare the body for an increase in muscle metabolism the thermal 
control centers trigger changes in breathing and heart rate (Budd, 1962; Golden & Tipton, 
2002; Tipton, 1989). The initial exposure to cold air and water triggers an increase in 
respiratory rate (Cooper et al, 1976; Keatinge & Nadel, 1965; Keatinge & Evans, 1961), 
and heart rate (Graham, 1988; Hayward & Eckerson, 1984; Wagner & Horvath, 1985).  
 
The increase in muscle metabolism is the result of shivering which is characterized by 
involuntary, synchronous and rhythmic muscle contractions (Golden & Tipton, 2002). 
Generating metabolic heat is the solitary purpose of shivering (Golden & Tipton, 2002). 
Shivering intensity peaks between skin temperatures of 17
o
C and 20
o
C (Eyolfson et al, 
1998; Tikuisis & Giesbrecht, 1999; Tikuisis, 2003; Tikuisis et al, 2002). If heat loss 
continues to be greater than heat production, shivering intensity will increase (Stocks et 
al, 2004). However, shivering can disappear below core temperature of 30
o
C (Bristow & 
Giesbrecht, 1988). Maximum survival time during cold exposure is related to the duration 
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of shivering (Eyolfson et al, 1998). Individuals with greater subcutaneous fat show 
slower cooling rates and maintain shivering for longer, and individuals with higher 
aerobic capacity are capable of more intense shivering resulting in greater heat 
production (Eyolfson et al, 1998; Tikuisis et al, 1999). Shivering intensity and duration 
can also be influenced by the available energy substrate (Tikuisis et al, 1999).   
 
Shivering is fuelled by the breakdown of lipids, carbohydrates and proteins (Weber & 
Haman, 2005). Muscular shivering can increase metabolic rate to be approximately five 
times greater than the average basal metabolic rate of 110 W (Eyolfson et al, 1998; 
Jansky, 1998; Rintamaki, 2007). The rate of heat production from lipids, carbohydrates 
and proteins have been quantified for low intensity shivering (2.3 x resting metabolic rate 
(RMR) and high intensity shivering (3.5 x RMR) (Haman et al, 2002; 2005). Therefore, 
there is an increased demand on the energy stores. During low intensity shivering the 
main energy sources utilized are fats while higher intensity shivering is fuelled by 
carbohydrates (Rintamaki, 2007; Weber, 2010; Weber & Haman, 2005). Proteins 
normally contribute 10% to heat production during shivering (Weber, 2010). However, if 
one energy source becomes depleted, the body will utilize another substrate to fuel the 
involuntary contractions of shivering (Haman et al, 2004b; Weber, 2010; Weber & 
Haman, 2005). Two mechanisms used by shivering humans to determine fuel selection 
are the recruitment of different pathways within the same fibres and the recruitment of 
different fibres within the same muscles (Haman et al, 2004a). This suggests that muscle 
fibre composition could impact shivering endurance and survival. The amount of 
substrate reserve may also impact shivering endurance, which suggests that diet could 
play a role in survival time, however it remains unknown. There is some indication that 
specific fatty acids could provide a survival advantage (Weber & Haman, 2005). 
2.3.4 Psychological and cognitive response 
Thermal comfort has been defined as the condition of the mind which expresses 
satisfaction with the thermal environment (Fanger, 1967). Air temperature, humidity, 
mean radiant temperature, relative air velocity, activity level and insulation value of 
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clothing are all factors that affect the thermal comfort level of a human (Olesen & 
Rosendahl, 1990).  
 
While much research has been conducted to determine the impact of environmental 
conditions on thermal comfort levels and heat loss, little research has been carried out to 
assess the impact of perceived thermal comfort on heat loss. However, the perceived 
discomfort of the environmental temperature may distract an individual and indirectly 
affect heat loss by altered decision making. Perception, assessment and decision-making 
can be impaired if assessed in both cold and noise polluted environments (Pellerin & 
Candas, 2003, 2004). Twenty-two studies reported an average decrease of 14% in 
cognitive performance during exposures to temperatures below 10
o
C (Pilcher et al, 2002). 
Exposure to extreme cold temperatures resulted in larger performance decrements despite 
shorter exposure times (Pilcher et al, 2002; Thomas et al, 1989).  
2.4 Behavioural factors that affect occupant thermoregulation 
The thermal neutral ambient temperature for a naked and resting human is 27
o
C in air and 
30
o
C in water (Rintamaki, 2007). Since the ambient temperatures of our environment can 
be much lower, humans have adapted to life in a cold environment primarily through 
behaviour (Jessen, 2000). Each layer of clothing donned by the occupant is a thermal 
protection layer, which decreases the rate of heat loss. If the occupant must enter the life 
raft from the water or is splashed, the wet clothing can increase heat loss. Different body 
positions and position in relation to other occupants can affect heat loss as well. The body 
position will determine the contact area between the life raft and occupant. The greater 
the contact area the greater the amount of heat transferred between the occupant and the 
life raft. Proximity of occupants can cause an increase in heat transfer among each other 
decreasing the rate of heat loss. 
2.4.1 Clothing 
A change in skin temperature will often trigger thermal behaviour and motivate humans 
to seek shelter or adapt clothing so that deviations of core temperature are reduced or 
mitigated (Hensel, 1982). Clothing can reduce the rate of cold related mortality 
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(Donaldson et al, 1998; Donaldson et al, 2001). Clothing provides a protective barrier 
between the surface of the skin and environment. Properly fitted clothing will trap a layer 
of air between outer layer of clothing and skin surface (Golden & Tipton, 2002). The 
layer of trapped air is warmed by the skin increasing the level of insulation between the 
skin and environment. The layer of air trapped between the skin and clothing contributes 
to the overall clothing insulation level (Golden & Tipton, 2002). 
 
Clothing insulation is measured in clo units. A clothing ensemble with an insulation value 
of 1.0 clo will allow a loss of 0.155
o
C*m
2W-1, where W is total body heat (Golden & 
Tipton, 2002). A long sleeve shirt and dress pants with undergarments is equal to 1 clo. 
An individual wearing this clothing ensemble would remain comfortable at an ambient 
temperature of 21
o
C with normal humidity and low wind speeds (Golden & Tipton, 2002; 
Noakes, 2000). The addition of humidity and wind increases the amount of clothing 
required. Humidity and wet clothing increases the amount of heat transfer in the air and 
reduces clo value compared to the dry clothing ensemble (Noakes, 2000). Increased wind 
speeds compress the clothing against the skin, decreasing the amount of trapped air 
between the skin and clothing (Golden & Tipton, 2002; Havenith & Nilsson, 2004). Pugh 
(1966) showed that wetting reduces the insulation of clothing by 50%, wind speeds of 
14.5 kmh-1 reduces insulation by 30%, and a combination of wetting, wind and 
movement reduces insulation by 85%. 
 
When exposed to marine environments individuals can benefit from the extra thermal 
protection provided by immersion suits or other thermal protective aids (TPAs). 
Insulation of the limbs and torso can prolong survival time during cold water immersion 
(Tipton & Golden, 1987).  While immersion suits prevent the underlying clothing from 
becoming wet, the clo values of immersion suits are lower when in water because of 
hydrostatic compression of the suits (Golden & Tipton, 2002). A fully insulated dry suit 
immersed in water has a clo value of approximately 0.7, allowing for a survival time up 
to 15 hours of immersion in 12
o
C water (Golden & Tipton, 2002). In a life raft 
environment a TPA can be worn to reduce heat loss. In addition to reducing heat loss, a 
TPA can reduce the energy expenditure. An individual wearing wet clothing will expend 
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675 W to evaporate one liter of water in one hour, and only 35 W to warm one liter of 
water from 4
o
C to 33
o
C in one hour if a TPA is worn (Golden & Tipton, 2002). 
2.4.2 Posture and orientation 
A simple change in posture or orientation towards a heat source can reduce the impact of 
heat loss. Studies have shown that a change in posture from standing to supine, and vice 
versa, can cause a shift in rectal and mean skin temperature (Tikuisis et al, 1991; 
Ducharme & Tikuisis, 1991). Assuming a fetal position with legs together and arms to 
the side, or folded across the chest can prolong survival time during exposure to cold 
(Allan, 1983; Golden & Hervey, 1972; Hayward et al., 1977; Keatinge, 1961; Nunnely & 
Wissler, 1980). This position can reduce the amount of body surface area emitting radiant 
heat. In a life raft environment it can also reduce the amount of surface area in contact 
with the cold life raft floor, reducing heat loss through conduction.  
 
Body-to-body heat transfer can be used as a re-warming technique for hypothermic 
victims (Giesbrecht et al, 1987). The method of body-to-body re-warming does not 
impact the rate of re-warming in a healthy mild hypothermic victim because the shivering 
intensity decreases (Giesbrecht et al, 1994). However, in a life raft survival situation 
where heat loss is greater than the heat produced by shivering, the heat gained by body-
to-body contact may reduce the rate of heat loss. 
2.5 Life raft characteristics that affect thermoregulation 
Since the thermal conductivity of water is approximately 25 greater than air (Brooks, 
2003), an immersion suit alone would not provide sufficient thermal protection to survive 
for extended durations in cold water. A life raft can remove people from the water and 
provide additional protection from the cold environment. The construction of the life raft 
will impact how much additional protection is provided. All SOLAS approved inflatable 
life rafts are constructed of a durable canopy, an inflatable collar, and an insulated or 
inflatable floor.  
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The canopy shelters the occupant from the harsh elements of the environment, and 
reduces the convective, evaporative, and radiant heat loss compared to that experienced 
in an open boat. A closed canopy will allow the environment within the life raft to warm 
up by the heat radiating from the occupants (Golden & Tipton, 2002). Mak et al. (2008) 
measured a 4.4
o
C increase in air temperature within a 16-person life raft at 69% capacity 
in less than two hours. The decrease in temperature gradient between the surface of the 
skin and the ambient air reduces convective heat loss. Convective heat loss is further 
reduced because the canopy provides protection from the wind. However, if there is no 
active ventilation the air quality can become uncomfortable. In a study where no active 
ventilation was present in a 16-person life raft at 69% capacity the CO2 concentrations 
reached an uncomfortable level (> 5000 ppm) in less than an hour (Mak et al, 2008). 
Some ventilation would occur when the occupants perform survival tasks such as, 
looking out for help, excreting bodily fluids, and bailing. If this ventilation is not 
sufficient to maintain the air quality inside the life raft, active ventilation is 
recommended. 
 
The insulated and inflatable floor can have different thermal properties. The thermal 
properties of the inflatable floor can be significantly different when inflated compared to 
not inflated. The thermal properties of the floor are further compromised if they are wet. 
Golden & Tipton (2002) describe the challenges that are faced when trying to manually 
inflate a life raft floor. Since it is impossible to exert sufficient pressure with the manual 
pump to overcome the weight of the seated bodies, sitting on a life jacket may be an 
alternative option to reduce the conductive heat loss to the life raft floor (Golden & 
Tipton, 2002).  
2.6 Gaps in the Literature 
Much research has been undertaken to explore the impact of cold exposure on thermal 
response and survival. However, no formal research has been carried out to specifically 
look at the thermal response of life raft occupants exposed to cold temperatures. This 
research better quantifies the thermal responses of life raft occupants exposed to cold 
temperatures.  
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Chapter 3 Methods 
3.1 Design of experiment 
A Phase 1 pilot experiment was conducted in a mild cold (19
o
C air temperature and 16
o
C 
water temperature) environment to determine which environmental variables had the 
most effects on heat loss (Mak et al, 2009c). The Phase 2 experiment was conducted in a 
mild cold (19
o
C air temperature and 16
o
C water temperature) environment to further 
explore three variables: floor insulation (uninflated (0.2 cm), inflated (15 cm)), clothing 
wetness (dry, wet), and occupancy level (12.5%, 37.5%) (Mak et al, 2009b). Phase 2 
experiment identified floor insulation and clothing wetness to have a significant effect on 
occupant heat loss. These results were used to inform the test protocol for the experiment 
reported herewith. 
 
Phase 3 experiment was conducted to explore the effects of floor insulation and clothing 
wetness upon human life raft occupants in a cold (5
o
C air temperature and 5
o
C water 
temperature) environment. The experiment was a 2 x 2 within-subjects factorial design 
with independent variables being the floor insulation (uninflated or inflated) and clothing 
wetness (wet or dry) (Table 3.1). The four conditions, wet - uninflated (WU), wet - 
inflated (WI), dry - uninflated (DU), and dry - inflated (DI), had system insulation values 
of 0.116 ± 0.006 (m
2
·
o
C)/W, 0.145 ± 0.017 (m
2
·
o
C)/W, 0.185 ± 0.022 (m
2
·
o
C)/W, and 
0.224 ± 0.023 (m
2
·
o
C)/W, respectively. The system insulation values were measured 
using a thermal manikin (NEMO; Measurement Technologies Northwest, Seattle, WA). 
 
Table 3.1    Design of Experiment. 
 Wet Dry 
Uninflated WU DU 
Inflated WI DI 
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Mak et al (2009a) compiled a final report on all three phases. 
3.2 Participants 
Eight healthy volunteers with no previous cold related injuries or illnesses were recruited 
with a recruitment poster (Chapter 6Appendix A) and gave their informed written consent 
to participate in this study (Chapter 6Appendix B). Approval for this study was obtained 
from the Memorial University of Newfoundland, Human Investigation Committee 
(MUN-HIC) and the National Research Council Canada, Ottawa Research Ethics Board 
(NRC-OREB). All participants were cleared for participation in this study upon 
completion of a medical history questionnaire (Chapter 6Appendix C). Participants were 
instructed to refrain from consumption of food two hours, caffeine and hot beverages six 
hours, and exercise and alcohol 24 hours prior to the start of each data collection period. 
Physical characteristics of the participants are presented in Table 3.2.  
 
Table 3.2    Physical characteristics of participants. 
Participant Age Gender 
Mass 
(kg) 
Stature 
(cm) 
Body 
Fat (%) 
Surface 
Area (m
2
) 
1 26 M 107.6 188 28.5 2.38 
2 35 M 105.6 180 31.2 2.32 
3 21 F 82.2 171 32.8 1.99 
4 24 M 89.2 185 16.3 2.15 
5 26 F 62.8 168 24.6 1.72 
6 36 F 57.5 159 20.1 1.61 
7 22 M 94.9 174 29.9 2.16 
8 20 M 75.8 182 6.1 1.96 
Mean 26.3 - 84.4 176 23.7 2.04 
SD 6.1 - 18.5 9.7 9.1 0.27 
 
3.3 Facility characteristics 
Experimental data were collected in the Ice Tank (Figure 3.1) at the National Research 
Council Canada, Institute for Ocean Technology (NRC-IOT) (St. John’s, Newfoundland 
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and Labrador, Canada). The 90m long, 12m wide, and 3m deep Ice Tank is equipped 
with a towing carriage and water and air temperature cooling systems.  
 
 
Figure 3.1    Ice Tank dimensions. 
 
The towing carriage is a single manned carriage with a 4-wheel synchronous motor drive 
that can generate speeds of 0.0002 m/s (0.00039 knots) to 4.0 m/s (7.78 knots). The 
computer equipment for the drive control is housed in a thermally insulated carriage 
control room (Hill, 2008). 
 
The ice tank water is initially cooled by re-circulating water through a chilling system at 
flow rates of 110 litres/second. The desired water temperature is then maintained by 
cooling the air temperature to an equivalent temperature. The water is stirred to ensure 
uniform water temperature throughout the tank. An ammonia-based cooling system with 
26 evaporators and computerized temperature control can regulate the ambient air 
temperature between -30°C to +15°C (Hill, 2008). 
3.4 Life raft characteristics 
A 16 person SOLAS approved inflatable life raft (DBC Marine Safety Systems, 
Richmond, BC) was utilized during this study (Figure 3.2). The octagonal life raft had an 
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overall diameter of 3.31 m and height of 1.56 m. The life raft was constructed of eight 
inflatable sides, an inflatable floor and an inflatable arch to support a canopy. The sides 
were constructed of two cylindrical chambers stacked for a total vertical height of 0.63 m. 
The inflatable floor was constructed of two layers of butyl rubber that were attached at 
multiple points with round fasteners. When the floor was fully inflated, the points of 
attachment caused a dimple effect. The sides and arch were inflated with CO2 and the 
floor was inflated with air. The internal pressures of the inflated components were 
continuously monitored with a Druck 800 series pressure transducer (model PDCR 830) 
and adjusted for consistency. The two canopy openings were double closures with ties  
and were closed for the duration of each test.  
 
 
Figure 3.2    Life raft structure. 
 
3.5 Clothing ensemble and SOLAS lifejacket 
The participant wore a full length, non-insulated 100% cotton coverall with zip front 
closure (model Big Bill 414; Codet inc., Magog, QC), 100% cotton short sleeve t-shirt, 
100% cotton briefs, and a SOLAS approved lifejacket (model MD8000; Mustang 
Survival, Richmond, BC). This cotton clothing ensemble was selected to resemble a 
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“worst case” scenario of a passenger by maximizing the effect of wetness. The 
extremities were protected against non-freezing cold injuries with wool lined leather 
mittens, wool socks and 5mm neoprene boots with zipper (model BT500; XS Scuba, 
Santa Ana, CA). 
3.6 Experimental set up 
The towing carriage and a service carriage were set up to move as one unit. The life raft 
was positioned between the towing carriage and service carriage. A modified towing 
patch was mounted to the side chamber of the life raft below each opening. Two mooring 
lines were extended from each towing patch to two towing posts on the towing carriage 
and service carriage. This allowed continuous towing in both carriage directions. This set 
up ensured that one canopy opening was directly exposed to the wind produced by the 
fans mounted under the towing carriage. (Figure 3.3) 
 
 
Figure 3.3    Life raft set up. 
 
Participants sat on opposite sides of the life raft in RT4 and LF3 positions. A thermal 
manikin was situated in the RT1 position, and a researcher sat at the exit (see Figure 3.4).  
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This seating arrangement minimized or eliminated body heat transfer between occupants 
and evenly ballasted the life raft. The manikin was not turned on during the trails with the 
human participants. Additional trails were conducted to collect manikin data (Mak et al, 
2009a). 
 
Figure 3.4    Seating arrangement. 
 
3.7 Environmental measurements and instrumentation 
3.7.1 Data acquisition system 
Three data acquisition systems (developed by NRC-IOT, St. John’s, NL) were used to 
acquire analog signals from the sensors monitoring the internal and external life raft 
environment and the human participants. Isolation amplifiers were integrated into the 
data acquisition systems to eliminate the potential shock hazards to the human 
participants. The analog signals were amplified and conditioned, then sent to an A/D 
converter (DaqBook/2000 Series; IOtech Inc.; Norton, MA) and converted to digital data.  
The digital data were logged by a GDAC (GEDAP Data Acquisition and Control) client 
server acquisition system (developed by NRC-IOT, St. John’s, NL). 
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3.7.2 Ambient temperatures 
The ambient air and water temperatures of the testing environment were measured with 
400 series thermistors (model ON-401-PP; OMEGA Engineering, inc., Stamford, CT). 
The air temperature was measured in four locations on the interior and exterior of the life 
raft. The water temperature of the ice tank was measured in two locations near the towing 
carriage, approximately 1 meter below the water surface (Figure 3.5 and Figure 3.6). The 
seating configuration in the following figures depicts the setup in Phase 2. Figure 3.4 
illustrates the seating arrangement for Phase 3 testing. 
 
 
Figure 3.5    Location of air and water temperature sensors. 
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Figure 3.6    Air temperature sensor with fibreglass shield. 
 
3.7.3 Life raft temperatures 
The temperature and heat loss of the life rafts interior floor, canopy, and side chambers 
were measured using 13 heat flow transducers (HFT) with integrated thermistors (model 
FR-025-TH44033-F10 and F-002-4-TH44033-F20; Concept Engineering, Old Saybrook, 
CT) (Figure 3.7 and Figure 3.8).  
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(a) 
 
 
(b)  
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(c)  
Figure 3.7    Location of heat flow transducers on life raft: (a) floor, (b) canopy, and (c) 
side chambers. 
 
 
Figure 3.8     Heat flow sensor mounted on life raft. 
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3.7.4 Wind speed 
Four industrial fans were mounted to the towing carriage and used to produce 5 m·s
-1
 
wind speeds. Three Windsonic anemometers (model 1405-PK-040; Gill Instruments Ltd., 
Lymington, Hampshire) were used to measure the wind speeds in different locations: 
outside the life raft on the windward side, inside the life raft on the windward side, and 
inside the life raft near the participant (Figure 3.9 and Figure 3.10). 
 
 
Figure 3.9    Location of wind anemometers. 
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Figure 3.10    Wind anemometer. 
 
3.7.5 Leeway 
Leeway is the motion of the life raft over water due to the wind. To simulate this, the 
towing carriage and a service carriage were utilized to continuously tow the life raft over 
the water, back and forth the length of the ice tank, at a speed of 0.5 m/s (0.972 knots) for 
the duration of each test. 
3.8 Physiological measurements and instrumentation 
3.8.1 Anthropometric measurements 
Mass (kg) and stature (cm) were measured with a portable scale and tape, respectively. 
Skinfolds were measured using a Harpenden skinfold calliper (British Indicators Ltd, 
London, UK). Measurements were recorded to the nearest 0.2 mm at the triceps, 
subscapular, pectoralis, midaxillary, suprailiac, abdomen, and quadriceps (Table 3.3). All 
skinfold measurements were made on the right side of the body. A minimum of two 
measurements was performed at each site. A third measurement was recorded if the first 
two measurements were not within 0.4 mm of each other.  
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Table 3.3    Description of the seven skinfold sites. 
Skinfold Site Location Description 
Tricep 
Vertical fold on the posterior midline of the upper arm, midway 
between the acromion and olecranon process. 
Subscapular Diagonal fold 1 cm below the inferior angle of the scapula. 
Pectoralis 
Diagonal fold between the anterior axillary line of the underarm 
and nipple. 
Midaxillary 
Vertical fold on the midaxillary line at the level of the xiphoid 
process. 
Suprailiac Diagonal fold 3 cm above the iliac crest, on the midaxillary line. 
Abdominal Vertical fold 2 cm to the right of the umbilicus. 
Quadriceps 
Vertical fold on the anterior midline of the thigh, midway between 
the proximal border of the patella and the inguinal fold. 
 
3.8.2 Rectal and tympanic temperature 
Rectal temperature (Tre) was measured using a Philips 400 series thermistor (model 
21090A, Philips Medical Systems; Andover, MA) that was participant-inserted 15cm into 
the rectum. To minimize movement of the rectal temperature sensor, a t-bandage was 
used to secure the sensor once inserted (Figure 3.11). Tympanic temperature (Tty) was 
measured with a Mon-a-therm 400 series thermistor (model 90058, Mallinckrodt 
Medical, inc., St. Louis, MO) inserted into the external ear, positioned as close to the 
tympanic membrane as possible (Figure 3.12). Cotton swabs and non-transporous tape 
were used to secure the tympanic temperature sensor in place and prevent ambient air 
from entering the ear canal. Both temperature probes were used to account for any 
possible local cooling effect due to seating position of the participant in the life raft. 
Esophageal temperature was not measured because of the risk of motion sickness. 
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Figure 3.11    T-bandage and rectal temperature sensor. 
 
 
Figure 3.12    Tympanic temperature sensor. 
 
3.8.3 Skin temperature and heat flow 
Skin temperatures and heat flow were measured using heat flow transducers (HFTs) with 
integrated thermistors (model R-025-TH44033-F6, Concept Engineering, Old Saybrook, 
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CT). These HFTs are most commonly used to measure the dry component of the body 
heat loss. To ensure that the HFTs accurately reflect the wet component of the body heat 
loss a validation study was conducted to compare the sensors to direct calorimetry 
(Appendix D). No significant differences were reported between the heat loss measured 
by the HFTs and direct calorimetry for the dry and wet conditions. Thus, the HFTs are a 
valid method of measuring dry and wet heat loss components of the total skins heat loss. 
 
The HFTs were located at 13 sites (Figure 3.13) similar to Hardy and Dubois 12-point 
system (Hardy & Dubois, 1939). The two extremity sites (hands and feet) were not 
considered because their ability to vasoconstrict minimizes any contribution to the heat 
loss of individuals exposed to cold. The two sites plus one extra were relocated to the left 
posterior thigh, left calf, and right buttock. Since the participants were instructed to sit 
semi-passively with freedom to adjust their posture and legs for comfort, these additional 
sites more accurately monitored heat loss into the floor compared to Hardy and DuBois 
12-point system that assumes homogeneous heat loss for the right and left side of the 
body.  Due to the non-uniform thermal environment and variation over time in seating 
postures, heat loss could not be assumed to be homogeneous between the right and left 
posterior legs. To prepare the 13 sites for HFTs, the skin was shaved and cleansed with 
alcohol. Two-inch transpore tape was used to secure the HFTs to the skin. 
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Figure 3.13    Thirteen sites for heat flux transducers. 
 
3.8.4 Indirect calorimetry 
During the test, oxygen uptake (  O2) and carbon dioxide output (  CO2) were measured 
using one of two portable cardiopulmonary indirect breath-by-breath calorimetry systems 
(MetaMax 3B ®; Cortex Biophysik, Leipzig, Germany and K4b
2
; Cosmed, Rome, Italy) 
using a Nafion filter tube and a turbine flow meter (Opto-electric). Both systems used 
electrochemical cells and infrared techniques as O2 and CO2 sensors, respectively.  Prior 
to baseline testing, volume and gas analyzers were calibrated with a 3-liter calibration 
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syringe and medically certified calibration gases (14% O2 and 5% CO2), respectively. All 
calibrations were performed in a thermal neutral environment, the same location where 
baseline measurements from the participants were recorded. Following baseline testing, 
both systems were given ample time to acclimatize to the 5
o
C testing environment to 
minimize chance of equipment drift due to temperature. 
3.8.5 Thermal comfort level 
The McGinnis Thermal Comfort 13-point Scale (Table 3.4) was used to assess the 
thermal comfort of the participants (Hollies & Goldman, 1977). Post baseline and during 
cold exposure participants were presented with a printed copy of the thermal comfort 
scale and asked to report his/her thermal comfort level during the baseline and cold 
exposure trials. 
 
 
Table 3.4    The McGinnis Thermal Comfort 13-point Scale. 
McGinnis Thermal Comfort Scale 
My body feels: 
1  So cold I am helpless 
2  Numb with cold 
3  Very cold 
4  Cold 
5  Uncomfortably cool 
6  Cool but fairly comfortable 
7  Comfortable 
8  Warm but fairly comfortable 
9  Uncomfortably warm 
10  Hot 
11  Very hot 
12  Almost as hot as I can stand 
13  So hot I am sick and nauseated 
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3.8.6 Postures and movements within the life raft 
Two video cameras were positioned in the interior of the life raft at such angles to 
observe the participants from the tow carriage at all times. The captured video was 
further used to observe changes in participant’s postures. 
3.9 Protocol 
Participants were recruited using posted advertisements. During the recruitment process, 
the participant was provided with sufficient information to assist them in their decision to 
participate.  
3.9.1 Familiarization trial 
Each participant participated in a one-hour familiarization trial a minimum of two days 
and a maximum of 16 days prior to testing. The participant was introduced to the 
equipment and was exposed to the most severe condition (wet-uninflated). This allowed 
the participant to make an informed decision whether to participate or not. This strategy 
was used to minimize the risk of participant dropout during the experimental trials.  
3.9.1.1 Familiarization Set up 
The familiarization trial was conducted in the large cold room at the NRC-IOT. The 5.5m 
by 1.3m room was equipped with a Freon gas based cooling system that could regulate 
the temperature between –10oC and +20oC. For this familiarization session the 
temperature was controlled at +5
o
C. 
 
A simulation of the life raft was constructed of a two person inflatable boat, which was 
modified with an inflatable pillow to simulate the two side chambers of the life raft. The 
floor chamber of the inflatable boat remained deflated to simulate the uninflated floor 
condition. A large bag was filled with water and placed under the simulated life raft. 
Three days prior to the first familiarization session the equipment was set up and the 
cooling system was activated to allow the water and equipment to acclimatize to the 
ambient temperature (Figure 3.14). 
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Figure 3.14    Familiarization set up. 
 
3.9.1.2 Familiarization Protocol 
The participant signed and completed the consent form and medical history questionnaire 
at which time they were given opportunity to ask questions about the experiment. After 
consent was obtained a researcher recorded the participant’s stature, mass, and skinfold 
thickness measurements. 
 
The participant was given written and verbal instructions on how to self-insert the rectal 
temperature sensor. A researcher then assisted in the insertion of the tympanic 
temperature sensor. The participant donned the clothing ensemble without the SOLAS 
lifejacket. In a non-stressed thermal environment, baseline measures were recorded for 10 
minutes. A handheld pressurized garden sprayer was then used to wet participants with 
temped water. It was determined that one litre of water would saturate the clothing 
ensemble. Subsequent to the wetting the participant donned the SOLAS lifejacket. The 
participant entered the cold room and was instructed to sit passively in the simulated life 
raft. The trial was terminated after 60 min or when both the rectal and tympanic 
temperatures dropped below 35
o
C.  
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The participant was transported to a warm room and provided with thermal blankets, hot 
water bottles and warm beverages. Rectal and tympanic temperatures were monitored 
during the rewarming process. Once the participant’s rectal and tympanic temperatures 
reached 36
o
C the instrumentation was removed, tympanic temperature was checked with 
a handheld tympanic thermometer, and visual examination of the ear canal and tympanic 
membrane was performed with an otoscope to ensure no damage had been done to the 
ear. 
3.9.2 Experimental trials 
The participant was exposed to each experimental condition in pairs, with attempts made 
to keep the same participants paired for all four conditions, WU, WI, DU, and DI. The 
order of conditions was randomized for each pair of participants. Each exposure was a 
maximum duration of 480 min, with a minimum of two days and maximum of ten days 
between exposures. 
3.9.2.1 Participant preparation 
Mass was recorded prior to each trial to ensure no major changes over the four trials. 
Each participant was instrumented with a rectal temperature sensor, tympanic 
temperature sensor, and 13 HFTs. The participant then donned the clothing ensemble 
without the SOLAS lifejacket. Protected from the cold by wool blankets, the participant 
was assisted from the preparation area to the carriage control room to perform baseline 
measures. In the carriage control room blankets were removed. The participant then sat 
while being instrumented with a portable indirect calorimetry system. 
3.9.2.2 Data collection 
The participant’s rectal, tympanic, and skin temperature and heat flow sensor monitoring 
cables were connected to a computerized data acquisition system. All the data were 
collected at 1Hz, with the exception of metabolic data, which were collected breath-by-
breath. 
3.9.2.2.1 Baseline 
The participant was given a minimum of 20 minutes rest in the thermal neutral carriage 
control room prior to collection of baseline measures. During the 20 minutes the 
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participant’s instrumentation was connected to the data acquisition system and signal 
verification was performed for all channels. Following signal verification a 5-minute 
baseline measures was collected for each participant. Post baseline, the participant was 
asked to report his/her thermal comfort level during the baseline. The indirect calorimetry 
systems were removed from the participant and instrumentation was disconnected from 
the data acquisition system. The participant was wrapped in wool blankets and assisted to 
the preparation area. 
3.9.2.2.2 Transition 
In the preparation area, the participant was given one last opportunity to urinate before 
entering the life raft. For the dry trials, the participant would sit passively and wait for a 
minimum of 10 minutes. For the wet trials, two handheld pressurized garden sprayers 
were used to wet the participant’s clothing. The same two researchers performed the 
wetting for the duration of the experiment to ensure consistency. The quantity of water 
was determined by coverall size for each participant (Table 3.5 and Table 3.6). 
 
 
Table 3.5    Quantity of water for coverall size. 
Coverall size Quantity of water (L) 
34 0.8 
36 0.8 
38 1.0 
40 1.2 
42 1.2 
44 1.4 
46 1.4 
 
Table 3.6    Individual participant’s coverall sizes. 
Participant Coverall size 
1 46 
2 44 
3 38 
4 42 
5 36 
6 34 
7 40 
8 38 
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The participant donned the SOLAS lifejacket and was protected from the cold with a 
wool blanket. For the wet trials a foil blanket was used to minimize water transfer from 
the participant’s clothing. The participant was then moved to the ice tank area where they 
were instrumented with the indirect calorimetry systems.  
3.9.2.2.3 Towing trials 
The participant was assisted into the life raft and asked to sit semi-passively but with 
freedom to alter the sitting posture. Participant instrumentation was connected to the data 
acquisition system and signal verification was performed. The blankets were removed 
and the canopy entrance was closed. The life raft was moved away from the floating 
platform to the start point, at which time the fans were activated. When the fans were 
running, towing and collection of data began simultaneously. 
 
During all trials the indirect calorimetry system mask was removed periodically to assess 
the participant’s state of awareness. While the mask was removed any accumulated 
condensation was dried. During wet conditions a handheld pressurized garden sprayer 
was used to wet the participant with temped water. To ensure the participant remained 
wet during the testing they were rewetted every 60 min with 50% of the initial quantity of 
water, more than the rate of evaporation. The participant was sprayed on the shoulders, 
arms, sides of torso, lower abdomen, groin, anterior legs, posterior legs, and back. The 
life jacket prevented the rewetting of the chest and upper abdomen areas. 
 
Trials were terminated based on one of the following criteria: when rectal and tympanic 
temperatures dropped below 35
o
C, exposure time reached 480 min, the participant 
refused to continue, or a researcher deemed it was no longer safe to continue. At the end 
of each trial the participant was asked to report his/her thermal comfort level during the 
exposure. 
3.9.2.3 Re-warming 
The participant was assisted from the life raft and transported to the re-warming room in 
a horizontal position via stretcher. The participant remained in the horizontal position and 
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was provided with insulative blankets, hot water bottles and warm beverages. Rectal and 
tympanic temperatures were monitored during the rewarming process. When both 
temperatures reached 36
o
C and the participant and researcher agreed it was safe, the 
instrumentation was removed from the participant. Following removal of the 
experimental instrumentation, the participant continued the re-warming process in a 
warm shower. After re-warming, tympanic temperature was checked with a handheld 
tympanic thermometer, and visual examination of the ear canal and tympanic membrane 
was performed with an otoscope to ensure no damage had been done to the ear.  
3.10 Data reduction 
The breath-by-breath metabolic data were re-sampled at 1 Hz and all time series data 
were then synchronized. All exposure data (rectal and tympanic temperature, skin 
temperature and heat flow, and metabolic measures) were normalized by subtracting the 
mean baseline corresponding to each participant and condition. 
3.10.1 Anthropometrics and body composition 
An estimation of body surface area (SA in m
2
) was derived using height and weight 
(Gehan & George, 1970) (Equation 3.1). 
 
42246.051456.01644.0 HTWTSA   
Equation 3.1    Body surface area. 
 
To calculate body composition the mean of the two skinfold measures that most closely 
matched was calculated for each site. If three measures were recorded and all three 
measures were equidistant, the mean of all three measures was calculated. The sum of the 
seven sites was then used to calculate body density (Jackson & Pollock, 1978) (Equation 
3.2). 
 
(a) )(00028826.0)7(00000055.0)7(00043499.0112.1 2 agesumsumBD   
(b) )(00012828.0)7(00000056.0)7(00046971.00970.1 2 agesumsumBD   
Equation 3.2    Body density (a) males (b) females. 
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An estimation of body fat percentage was calculated using the Jackson and Pollock’s 
calculated body density and Siri’s equation of body fat (Siri, 1956) (Equation 3.3).  
 
450/495%  BDFat  
Equation 3.3    Percent body fat. 
 
3.10.2 Skin temperature and heat flow 
A correction factor of 1.03 was applied to the HFTs (Firm & Ducharme, 1993). A 
modified Hardy and DuBois weighting system was then used to calculate the mean skin 
temperature (Tsk) and heat flow (HF) (Hardy & DuBois, 1939) (Equation 3.4). 
 
(a)
 
(b)
 
Equation 3.4    Mean (a) skin temperature (b) heat flow. 
 
The modifications to Hardy and DuBois’ weighting system were due to the exclusion of 
the hand and foot measures and the addition of three posterior measurement sites. The 
sum of the weighting factors equalled 0.882 because the extremities were not included. 
To compensate, Tsk and HF were divided by a factor of 0.882. The left and right posterior 
thighs, and buttock, were treated as Hardy and DuBois’ posterior thigh. The right and left 
posterior thighs had a combined weighting factor equal to the buttock. The right and left 
calf had equal weighting factors that when combined equalled Hardy and DuBois’ calf. 
The sites and their respective weighting factors are presented in Table 3.7. 
 
 
3-25 
 
Table 3.7    Comparison of current experiment and Hardy and DuBois’ weighting factors 
(Hardy & DuBois, 1939). 
Site Number Site Description Weighting Factors for 
Current Experiment 
Weighting Factors for 
Hardy and DuBois 
1 Forehead 0.07 0.07 
2 R Chest 0.088 0.088 
3 R Abdomen 0.088 0.088 
4 R Forearm 0.14 0.14 
5 R Anterior Thigh 0.095 0.095 
6 R Shin 0.065 0.065 
7 R Upper Back 0.088 0.088 
8 R Lower Back 0.088 0.088 
9 R Posterior Thigh 0.02375 0.095 
10 R Calf 0.0325 0.065 
11 L Posterior Thigh 0.02375 - 
12 L Calf 0.0325 - 
13 R Buttock 0.0475 - 
 Hand - 0.05 
 Foot - 0.07 
 
3.10.3 Rectal and tympanic temperature 
As a result of the non-uniform thermal environment, with the coldest exposure at the 
buttock, there was speculation that localized cooling might occur in the rectal region of 
the body during this experiment. Therefore, tympanic temperature (Tty) was used as the 
primary estimate of core temperature. Since further calculations are based on rectal 
temperature (Tre) and Tty is lower by nature, the Tty was adjusted up by the difference 
between the start points of the Tre and Tty, specific to each participant and condition 
(Equation 3.5).  
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)(
startstartnn tyretyadj
TTTT   
Equation 3.5    Adjusted tympanic temperature.  
 
3.10.4 Mean body temperature 
Mean body temperature (TB) is the averaged temperature over the whole body and is a 
weighted balance between the temperatures of the core and peripheral (Parsons, 2003). In 
this study temperature of the core and peripheral are represented by Tty and Tsk, 
respectively. The Tsk and adjusted tympanic temperature (Tadj) were used to calculate 
mean body temperature (TB). The Tadj was weighted heavier than the Tsk at 0.65 and 0.35, 
respectively (Burton, 1935) (Equation 3.6). 
 
)(35.0)(65.0 skadjB TTT   
Equation 3.6    Mean body temperature. 
 
3.10.5 Heat production 
Heat production is quantified as metabolic rate (MR), which was calculated using 
Equation 3.7 (Peronnet & Massicotte, 1991): 
 
SA
Vo
RERMR 2)65.8065.281(   
Equation 3.7    Metabolic rate. 
 
where   o2 is the oxygen consumption measured in l·min
-1
, SA is body surface area in m
2
, 
and RER is the respiratory exchange ratio (  co2/   o2). However, since   co2 values were 
invalid we set RER at a constant value of 0.85. This is done without large error because 
RER has little influence on MR. 
3.11 Statistical analysis 
Duration, temperature, heat flow, metabolic rate, and thermal comfort data were analyzed 
using a two factor ANOVA with repeated measures [2 (clothing) x 2 (floor)]. F ratios for 
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main effects and interactions were considered significant at p<0.05. When significance 
(p<0.05) was found, a post hoc test was performed to locate significance among the 
means. As well, the Mauchly’s test of sphericity was used to test if the variance of the 
difference between all combinations of related groups were equal. The Statistical Package 
for Social Sciences (SPSS) was used for all statistical analyses (SPSS Inc., Chicago, 
USA). Descriptive statistics include means ± SD. 
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Chapter 4 Results 
4.1 Introduction 
Measures of skin, rectal, and tympanic temperature; heat flow; oxygen consumption; and 
thermal comfort were collected during baseline and exposure in four different conditions. 
Mean body temperature and metabolic rate were calculated from tympanic and mean skin 
temperature; and oxygen consumption, respectively.  
 
Due to the different durations of conditions, the difference between the first five minutes 
and last five minutes of exposure were calculated for Tsk, Tre, Tty, and TB. These deltas 
were then divided by delta time to allow for analysis of the rates of temperature change. 
Since HF and MR do not change in a constant direction during exposure, the moving 
averages were calculated. All the data presented in this chapter are in aggregate form.  
4.2 Baseline 
Pre-exposure measures of Tsk, HF, Tre, Tty, TB, MR, and thermal comfort were recorded 
for four trials, WU, WI, DU, and DI (Table 4.1). No significant differences were 
observed in the thermal responses between the four trials during the pre-exposure with 
the exception of TB (indicated with a * in the table). Even though TB was significantly 
(p=0.003 and p=0.019) greater for DI (35.64 ± 0.26 
o
C) compared to WU (35.41 ± 0.19 
o
C) and WI (35.47 ± 0.27 
o
C), the differences were slight reaching only 0.23 
o
C and 0.17
 
o
C, respectively. These outcomes represent the biological variations within participants. 
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Table 4.1    Mean baseline measures. 
 WU WI DU DI 
Tsk (
o
C) 32.78 ± 0.55 33.08 ± 0.73 33.05 ± 0.51 33.16 ± 0.55 
HFsk 
(W*m
-2
) 
63.75 ± 6.83 57.59 ± 6.68 61.43 ± 4.61 58.49 ± 5.98 
Tr (
o
C) 36.82 ± 0.13 36.76 ± 0.22 36.84 ± 0.17 36.98 ± 0.17 
Tty (
o
C) 36.38 ± 0.10 36.31 ± 0.19 36.42 ± 0.30 36.44 ± 0.23 
TB (
o
C) 35.41 ± 0.19* 35.47 ± 0.27 35.52 ± 0.19* 35.64 ± 0.26* 
MR 
(W*m
-2
) 
88.15 ± 30.93 99.31± 35.80 100.88 ± 37.30 95.17 ± 40.52 
Comfort 6.81 ± 0.53 6.88 ± 0.83 7 ± 0.00 7.13 ± 0.64 
 
4.3 Duration of Conditions 
A core temperature (Tre and Tty) drop to 35
o
C was achieved in seven participants during 
exposure to three conditions (4-DU, 2-WU, and 1-DI). Six trials were terminated early 
upon participants request because of intolerable discomfort (painful numbing and/or 
cramping and/or need to urinate). Termination by participant’s request occurred more 
often during wet exposures (3-WI and 2-WU) then dry exposures (1-DI). Participant 2 
(WI) and participant 4 (DU) were terminated early because a shift in equipment which 
resulted in a lower reading of core temperature. The remainder 17 trials continued for the 
full duration of 6.75h to 8.25h. Full duration varied due to delays in start time and fixed 
end time. Participants were exposed to the dry trials, DU (6.49 ± 1.07 hr) and DI (7.76 ± 
0.52 hr), for longer durations of conditions than the wet trials, WU (6.37 ± 2.15 hr) and 
WI (6.10 ± 1.29 hr). While there was a significant difference (p=0.050) in the duration of 
the conditions for the clothing wetness, there was no significant difference (p=0.480) in 
the duration of the conditions for the floor insulation (Figure 4.1). 
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Figure 4.1    Mean duration of conditions in hours. 
 
4.4 Mean skin temperature and heat flow 
In the wet conditions ∆Tsk/∆t was (-0.78 ± 0.17 oC/hr) and (-0.78 ± 0.24 oC/hr), for WU 
and WI respectively. In the dry conditions ∆Tsk/∆t was (-0.57 ± 0.11 oC/hr) and (-0.41 ± 
0.11 
o
C/hr), for DU and DI respectively. A repeated measure ANOVA showed no 
significant difference (p=0.091) for the floor insulation. There was a significant 
difference (p<0.0001) for the clothing wetness (Figure 4.2). 
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Figure 4.2    Mean rate of change in mean skin temperature for each condition. 
 
4-4 
 
Similar to the rate of change in Tsk, the floor had no significant (p=0.135) effect on the 
mean HF, however clothing wetness did have a significant (p<0.0001) effect on the mean 
HF. The mean HF was significantly greater for the wet conditions, WU (183.21 ± 29.27 
W∙m-2) and WI (171.95 ± 29.64 W∙m-2), compared to the dry conditions, DU (124.59 ± 
32.53 W∙m-2) and DI (120.67 ± 23.03 W∙m-2) (Figure 4.3). 
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Figure 4.3    Mean heat flow for each condition. 
 
4.5 Rectal and tympanic temperature 
At the end of the exposure, Tre and Tty had decreased from the baseline measurements for 
all conditions. Tre had decreased to a lower temperature for the uninflated conditions, WU 
(34.95 ± 0.73 
o
C) and DU (34.76 ± 0.69 
o
C), compared to the inflated conditions, WI 
(35.65 ± 0.50 
o
C) and DI (35.72 ± 0.49 
o
C). As a result, the rate of decrease for Tre was 
greater (p=0.079) for the uninflated conditions, WU (-0.44 ± 0.43 
o
C/hr) and DU (-0.34 ± 
0.12 
o
C/hr), compared to the inflated conditions, WI (-0.24 ± 0.09 
o
C/hr) and DI (-0.17 ± 
0.06 
o
C/hr) (Figure 4.4). 
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Figure 4.4    Mean rate of change in rectal temperature for each condition. 
 
Tty decreased to similar values across all four conditions: WU (35.63 ± 0.47 
o
C), WI 
(35.12 ± 0.82 
o
C), DU (35.34 ± 0.58 
o
C), and DI (35.30 ± 0.41 
o
C). Figure 4.5 shows that 
the rate of change in Tty is similar across all four conditions: WU (-0.14 ± 0.16 
o
C/hr), WI 
(-0.12 ± 0.04 
o
C/hr), DU (-0.14 ± 0.09 
o
C/hr), and DI (-0.11 ± 0.06 
o
C/hr).     
 
-0.35
-0.3
-0.25
-0.2
-0.15
-0.1
-0.05
0
0.05
WU WI DU DI
C ondition
R
at
e 
of
 C
ha
ng
e 
in
 T
ty
 (
o
C/
hr
)
 
Figure 4.5    Mean rate of change in tympanic temperature for each condition. 
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4.6 Mean body temperature 
The rate of decrease in TB is significantly (p=0.002) greater for the wet conditions, WU    
(-0.36 ± 0.13 
o
C/hr) and WI (-0.34 ± 0.07 
o
C/hr), compared to the dry conditions, DU     
(-0.29 ± 0.08 
o
C/hr) and DI (-0.21 ± 0.05 
o
C/hr),). Even though the floor insulation has no 
significant (p=0.131) effect on TB, the rate of decrease in TB is significantly less for DI 
compared to all other conditions (Figure 4.6). 
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Figure 4.6    Mean rate of change in mean body temperature for each condition. 
 
4.7 Heat production 
Mean MR was greater during the exposures than baselines for all conditions with a more 
significant (p<0.0001) increase during the wet conditions, WU (65.17 ± 27.12 W∙m-2) 
and WI (69.48 ± 44.39 W∙m-2), compared to the dry conditions, DU (37.90 ± 28.89 W∙m-
2
) and DI (5.44 ± 39.00 W∙m-2). Similar to Tsk and HF, the floor has no significant 
(p=0.158) effect on the change in mean MR during exposure. However, the mean MR 
during DI is significantly less than the mean MR for all other conditions. As well, the 
mean MR is significantly (p=0.006) less during DU compared to WI (Figure 4.7). 
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Figure 4.7    Mean metabolic rate for each condition. 
 
4.8 Thermal comfort level 
The participant’s change in thermal comfort level agrees with Tsk, HF, TB, and MR, 
showing a more significant (p=0.001) effect of clothing wetness, WU (-4.81 ± 1.00) and 
WI (-4.19 ± 1.53), compared to floor insulation, DU (-3.81 ± 0.80) and DI (-2.31 ± 1.16). 
Participants reported that the thermal condition was significantly less comfortable for all 
conditions compared to DI (Figure 4.8).  
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Figure 4.8    Change in thermal comfort level after cold exposure for each condition. 
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Chapter 5 Discussion 
5.1 Introduction 
In recent years, more Arctic shipping lanes have opened up resulting in an increase in passenger 
vessel activity and in discussions of increased activity in petroleum exploration in the Arctic 
region. With this increase of activity also comes an increase in probability of a maritime disaster 
occurring in these colder regions. In light of this increased probability of a maritime disaster 
occurring in the Arctic, the maritime industry must ensure that the available survival equipment 
can provide the proper thermal protection to all persons while awaiting rescue.  
 
While the IMO (1996) states that all SOLAS approved life rafts must provide sufficient 
insulation against the cold, reports still indicate that there are incidences of hypothermia among 
life raft survivors (Marine Accident Investigation Branch, 2014). These reports of hypothermia 
are an indication of shortcomings in the construction of life rafts. To date life raft design has 
been driven by tests on the individual components of the life raft, while no previous testing has 
been performed on the entire life raft – occupant system. This study evaluates the thermal 
properties of the life raft – occupant system to determine the effects of floor insulation and 
clothing wetness on the occupant’s thermal response.  
 
The results of this study indicate that life raft floor insulation and clothing wetness during cold 
exposure do impact the thermal response of a life raft occupant. This chapter will discuss the 
thermal responses of a life raft occupant without additional thermal protection exposed to cold 
conditions. 
5.2 Occupant Thermal Response 
5.2.1 Duration of condition 
Trials were terminated based on any one of the following criteria: core temperature (both Tre and 
Tty) dropped to 35
o
C, the scheduled trial end time was reached (max 8.25 hrs), or the participant 
refused to continue. Out of a 32 individual trials approximately 22% were terminated because the 
core temperatures dropped to 35
o
C, approximately 53% endured the full scheduled exposure 
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without a core temperature drop to 35
o
C, approximately 19% were terminated upon the 
participant’s request due to discomfort caused by the cold, approximately 3% were terminated 
due to participants discomfort caused by the need to urinate, and 3% were terminated due to 
equipment error.   
 
Five of the seven trials that were terminated due to a drop in core temperature were during dry 
conditions. Four of these five trials were during uninflated floor conditions. Only two wet trials 
were terminated due to a drop in core temperature. There were less wet compared to dry trials 
terminated due to a drop in core temperature because more participants refused to continue 
during the wet trials before a core temperature of 35
o
C was achieved. Five of the six trials 
terminated upon participants request were during wet conditions. These requests were due to 
pain or cramping from the cold and shivering. There was one dry trial where a participant 
refused to continue because of the need to urinate. The one occurrences of equipment error 
involved malfunction of the tympanic temperature sensor for participant 2 during the wet-
inflated condition. This resulted in a reduced exposure time of 4.83 hrs. 
 
Overall the DI and WI conditions had the longest and shortest average exposure times, 
respectively (Figure 4.1). While one might have expected WU to have the shortest exposure 
time, there was no significant difference between the exposure times for WU and WI. The 
duration of exposures with wet clothing were significantly shorter compared to the duration of 
exposures with dry clothing, and the floor inflation had no significant effect on exposure time. 
Since there were a number of termination criteria, exposure time alone is not a good measure to 
determine the impact of floor insulation and clothing wetness on survival time. Thus, the effects 
of floor insulation and clothing wetness on thermal responses are discussed in this chapter. 
5.2.2 Mean skin temperature and heat flow 
Clothing wetness had a significant effect on the rate of decrease in Tsk and mean HF (section 
4.4). Since water has a thermal conductivity 25 times greater than air (Brooks, 2003), it is no 
surprise that the rate of decrease in Tsk and mean HF were significantly greater with wet clothing 
compared to dry clothing. In addition to the increased convective heat loss because water has a 
greater thermal conductivity than air, when clothing is wet the insulating layer of air is 
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compressed and the clo units of insulation decrease (Noakes, 2000). In the instance of the Four 
Inns Walking Competition disaster where people died from hypothermia, the wet clothing found 
on those who died had about one-tenth the clo units as the same clothing when dry (Pugh, 1966). 
This emphasizes the importance of staying dry during a life raft survival situation. 
 
While floor insulation had no significant effect on rate of change in Tsk and mean HF, both the 
rate of decrease in Tsk and mean HF were slightly greater for the uninflated floor conditions 
compared to the inflated conditions. The little difference between uninflated and inflated floor 
conditions may have been the result of the participants’ postures. The size of the contact area is 
one of the factors that impact the amount of heat loss by conduction (Golden & Tipton, 2002). 
Since the participants assumed a sitting fetal posture for the majority of the trials the contact area 
with the floor was minimized, reducing conductive heat loss to the floor. However, if a person is 
injured or unconscious and unable to assume a position that reduces the contact area with the 
floor, the floor insulation may have a greater effect on that life raft occupant’s heat loss. It is 
important to minimize the contact area with an uninsulated life raft floor. This can be achieved 
by inflating the floor or removing your life jacket to sit on. It is recommended that the life raft is 
stable before removing your life jacket. 
5.2.3 Rectal and tympanic temperature 
In Phase 2 a significant decrease in Tre was observed for all test conditions. The greatest decrease 
in Tre was measured during the DU condition with no significant change in Tsk, HF or MR 
(Appendix E). Therefore, it was necessary to assess if the rectal temperature is a true indicator of 
the body core temperature when localized cooling is taking place around the buttocks. Basset et 
al (2011) from our research group did conduct a study to compare the response of three indices 
of core temperature: rectal, tympanic, and esophageal during exposure to localized cooling. This 
experiment confirmed that prolonged lower body surface cooling resulted in a localized cooling 
effect that compromises the validity of the Tre as a core temperature index. There was no 
difference in measurement between tympanic and esophageal probes throughout the different 
phases of the secondary experiment. The use of tympanic probes in the life raft setting was 
verified and tympanic probes were added to Phase 3 human participant testing.  
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At the end of all the trials in Phase 3, Tre and Tty had decreased from the baseline measurements 
for all conditions. Clothing wetness and floor inflation had no significant effect on the rate of 
change in Tre and Tty (section 4.5). However, the localized cooling effect was observed with 
greater rate of decrease in Tre during the uninflated conditions compared to the inflated 
conditions (Figure 4.4), while there was very little difference in the rate of decrease in Tty 
between all four conditions (Figure 4.5). While the rate of decrease in the core temperatures was 
not significant, the DI condition had the lowest rate of decrease in Tre and Tty compared to all 
other conditions. Therefore, the onset of hypothermia can be delayed if a life raft occupant has 
dry clothing and is sitting on an inflated floor compared to wet clothing and/or uninflated floor. 
5.2.4 Mean body temperature 
When looking at the thermal response of humans, the body can be subdivided into the core and 
the peripheral (Parsons, 2003). In this study temperature of the core and peripheral are 
represented by Tty and Tsk, respectively. Mean body temperature (TB) is the averaged temperature 
over the whole body and is a weighted balance between the temperatures of the core and 
peripheral (Parsons, 2003). When the body is exposed to cold stresses the cold thermal receptors 
in the skin increase firing rates, signalling the thermal control centers of the brain to decrease 
blood flow to the shell in an attempt to maintain temperature of the core. Therefore, any changes 
in core temperature are dependent on the capacity of the peripheral to reduce heat loss (Jessen, 
2000). In this study, the rate of decrease in TB was significantly greater for the wet conditions 
compared to the dry conditions, similar to that of Tsk, while there was no significant difference in 
rate of decrease in Tty across the conditions. 
 
If the environmental thermal stress is great enough, significant changes in TB may not be 
reflected in changes to the core temperature (Jessen, 2000). In this study the rate of decrease in 
TB was greater than the rate of decrease in Tty for all conditions. Similarly, Webb (1993) 
demonstrated a greater decrease in TB of approximately 5
o
C compared to a decrease in Tre of 
approximately 1.5
o
C. While core temperature helps define hypothermia, it does not change 
linearly when the body is under thermal stress. Therefore, it is important to take into 
consideration the whole body temperature when determining survival time or the rate at which 
hypothermia progresses. 
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Even though the floor insulation has no significant effect on TB, the rate of decrease in TB is 
significantly less for DI compared to all other conditions (Figure 4.6). This suggests that a life 
raft occupant with dry clothing sitting on an inflated floor will have a greater survival time 
compared to if they were wearing wet clothing and/or sitting on an uninflated floor.   
5.2.5 Heat production 
The action of shivering can increase MR to be five times greater than resting MR (Eyolfson et al, 
1998; Rintamaki, 2007). In this study the intermittent shivering did not increase MR by five 
times for any conditions. However, MR did increase during the exposures compared to the 
baselines for all conditions, with a more significant increase during the wet conditions compared 
to the dry conditions (Figure 4.7). During the WU and WI conditions MR was approximately 
1.75 and 1.7 times greater during the exposures compared to the baselines, and only 1.37 and 
1.06 times greater during the DU and DI conditions respectively. Thus, the shivering duration 
and/or intensity were greater during wet conditions compared to dry conditions. 
 
Similar to Tsk and HF, the floor had no significant effect on the average MR during exposure. 
However, the average MR was significantly greater during the DU condition compared to the DI 
condition. Therefore, in a dry life raft environment the addition of floor insulation may decrease 
the rate of energy expenditure which could increase survival time. 
 
Overall, the average MR during DI was significantly less than the average MR for all other 
conditions. As well, the average MR was significantly less during DU compared to WI. Since 
MR is an indication of shivering intensity, it can be conclude that the shivering intensity was less 
during the DI condition. The greater the average MR, the faster the energy stores will be depleted 
resulting in a shorter duration of shivering and survival time. Therefore, a life raft occupant has a 
great chance of survival if they have dry clothing and an insulated floor compared to wet 
clothing and/or uninsulated floor. 
5.2.6 Thermal comfort level 
The participants’ change in thermal comfort level agrees with Tsk, HF, TB, and MR, showing a 
more significant effect of clothing wetness compared to floor insulation. Participants reported 
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that the thermal condition was significantly less comfortable for all conditions compared to DI 
(Figure 4.8). As discussed in the section on exposure duration, five out of the six exposures 
where participants refused to continue due to cold related discomfort were wet conditions.  
 
Cold sensation is generally related to mean Tsk. However, cooling of the hands and feet may 
correlate with whole body thermal sensation rather than mean Tsk (Parsons, 2003). While extra 
thermal protection was provided for the hands and feet during this study, some participants did 
report discomfort because of cold hands and feet. That being said, Tsk likely did influence 
thermal comfort since Tsk and thermal comfort were less for all conditions compared to DI.  
5.3 Occupancy Level and Ventilation  
In Phase 1 a 4.4
o
C increase in air temperature within a 16-person life raft at 69% capacity was 
observed in less than two hours (Mak et al, 2009c). However, it was not determined what impact 
this increase in air temperature had on the occupants’ thermal response.  In Phase 2, during mild 
cold exposure testing there were no noticeable differences in the thermal responses between the 
conditions involving 2 versus 6 occupants (Mak et al, 2009b). Thus, the heat generated with a 
relative occupancy level of 37.5% (i.e. 6 persons in a 16-person life raft) did not reduce heat loss 
compared to 12.5% occupancy level. Further testing can be conducted to determine if body-to-
body heat transfer or occupancy level will impact heat loss in a cold life raft environment.  
 
During the Phase 1 test with a 16-person life raft at 69% capacity the CO2 concentration reached 
an uncomfortable level (> 5000 ppm) in less than an hour when the canopy was closed and no 
active ventilation was used. Further testing of the 16-person life raft at 12.5% and 37.5% 
capacity determined that a ventilation rate produced by wind fans at 5m∙s-1 was sufficient to 
prevent significant CO2 build-up. Therefore, no additional ventilation was used during this 
current study. However, it is recommended that rafts should have a mechanism for controlling 
ventilation to a level which is adequate for breathing but which will allow the internal 
temperature to rise to a comfortable, protective level.  
5.4 Alternative Insulation 
During Phase 3 additional testing was carried out (Mak et al, 2009a). A thermal manikin and 
limited number of human participants were used to assess the effect of different clothing and life 
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raft floor scenarios on heat loss. Since there were a limited number of participants for the 
additional testing it is important to note that the results may not be representative of the general 
population. 
 
Tests were carried out to determine if a thermal protective aid (TPA) would provide additional 
insulation. The manikin tests showed that the addition of a TPA provides considerable additional 
insulation in all conditions. The insulation increased most considerably in wet clothing 
conditions (61% and 54% in WI and WU conditions, respectively). A test with a human 
participant showed that wearing a TPA in the WU condition provided 48% more insulation 
compared to without a TPA. The difference between the manikin and human may be attributed to 
the fact that the contact area and behaviour of the human was not corrected for. The additional 
insulation provided by a TPA decreases heat loss and reduces energy expenditure (Golden & 
Tipton, 2002), increasing survival time. 
 
Additional tests were carried out on two alternative barriers between the life raft floor and 
occupant: inflated pillow and lifejacket.  In the DI condition, there was very little difference in 
insulation sitting on an inflated pillow or lifejacket compared to sitting on the inflated or closed 
cell foam floor of the life raft. In the WU condition, sitting on a life jacket provided great 
insulation compare to sitting directly on the uninflated floor or closed cell foam floor. 
 
A final test was carried out to determine the effect of 10 cm of water on overall insulation value. 
Both the manikin and human tests found a significant decrease in insulation value. This 
emphasises the importance of taking the appropriate action to prevent water entry into the life 
raft and bail additional water. Overall chances of survival during cold exposure are greater with 
dry clothing. Adding a TPA is of substantial benefit and insulating the floor is of a lesser benefit. 
Having 10cm of water on the floor is greatly detrimental to a life raft occupant’s chance of 
survival. 
5.5 Future Life Raft Standard Testing 
To determine the insulation value of a life raft it is important to test the life raft – occupant 
system as one unit, opposed to tests on individual components. Wet clothing has significant 
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adverse effect on occupant heat loss. Therefore, it is important to assess the impact of wet 
clothing on the system insulation. Floor insulation, although not as critical as dry clothing, is 
important in reducing occupant heat loss by conduction to the cold ocean. Floor insulation is an 
important part of system insulation. Innovative methods can be used to increase floor insulation 
without significantly increasing the bulkiness of the life raft. TPAs provided considerable 
additional insulation during exposures compared to baselines in all test conditions. It is important 
to include all auxiliary equipment and clothing as part of the system assessment. Ventilation rate 
control and number of occupants have moderate effects on occupant heat loss and comfort. It is 
usually not practical to reproduce realistic ventilation and occupant loading conditions. However, 
the testing should be done as closely as possible to realistic conditions. 
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Chapter 6 Conclusions and Recommendations 
The primary question addressed by this study was whether or not clothing wetness or 
floor insulation affected the physiological thermal response and thermal comfort of 
human life raft occupants exposed to cold ambient temperatures.  
 
If the study did not find that clothing wetness nor floor insulation had an effect on the 
thermal response of life raft occupants, there would be no reason to change the standards 
for thermal protection in life rafts. However, this study demonstrated that both clothing 
wetness and floor insulation have an effect on the physiological thermal response and 
thermal comfort of life raft occupants wearing minimal protective clothing. Clothing 
wetness had a significant effect on physiological thermal responses of Tsk, HF, TB, and 
MR, and thermal comfort. While floor insulation did not have any significant effect on 
the physiological thermal response and thermal comfort, floor insulation did have the 
biggest effect on the Tre.  
  
The recommendations for life raft standards or design are: 
1. Life raft occupants should make every effort to stay dry. Since this is near impossible 
in most abandonment scenarios, life rafts should include some form of thermal protective 
apparel for every occupant. 
2. Life rafts should include a system to keep the floor dry or enable every occupant to sit 
above the level of water on the floor. 
3. Life raft floors should be insulated or every occupant should be able to sit on an 
insulated surface. 
4. Life rafts should have a mechanism for controlling ventilation to a level which is 
adequate for breathing but which will allow the internal temperature to rise. 
 
If these changes are implemented, it could decrease heat loss and increase survival time 
of life raft occupants wearing minimal protective clothing during cold exposures. 
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Appendix D : Validation of Skin Heat Loss Measurements 
Using Heat Flow Transducers 
 
D-2 
 
Skin heat loss was measured in the present study by using 13 heat flow transducers 
(HFTs) fixed on the surface of the skin. Heat flow transducers (HFTs) are being typically 
used to measure exclusively the dry component of the body heat loss. In the present 
study, since the wet component of the body heat loss was a significant portion of the total 
body heat loss, we needed to validate the use of the HFTs for our application. 
 
A contract was given to the University of Ottawa to validate the use of heat flow 
transducers in the measurement of the total skin heat loss when a significant portion of 
the skin heat loss originated from evaporation of water from the skin and clothing when 
exposed to a cold wet environment. 
 
The study that was conducted at the University of Ottawa was a duplication of the 
conditions used in Phase 3 of the present study. In summary, the tests were conducted on 
10 subjects (5 males and 5 females) having the following characteristics: age: 27 ± 6 
years; height: 171.9 ± 6.2 cm; weight: 74.2 ± 9.8 kg; body surface area: 1.87 ± 0.14 m
2
; 
percent body fat: 25 ± 9%. The subjects were dressed with the same clothing as in Phase 
3 and were exposed to a 90 min test where Tair = 7.2 ± 0.2 
o
C and rh = 83 ± 3% (the 
average for Phase 3 of the present test were Tair = 7.8 ± 0.1 
o
C and rh = 86 ± 1%). 
During the first 30 min of the test, the subjects were seated in a climatic room at rest. The 
purpose of this first 30 min period was to pre-cool the subjects to minimize the time spent 
into the calorimeter. The subjects were then transferred into an air calorimeter (housed 
few meters away in the climatic chamber) for the remaining of the test. The calorimeter 
was maintained at the same environmental conditions as the climatic chamber. At the end 
of the first 30 min exposure in the calorimeter, the clothing of the subjects was wetted 
with 1 L of water using a similar method used in Phase 3. The subjects were then exposed 
to the same environment for a further 30 min period. During the exposure in the 
calorimeter, the subjects were resting on a chair. During that time, skin temperature and 
heat flow were measured by 13 heat flow transducers (using the same body locations as 
in Phase 3) and rectal temperature was measured continuously. In addition, metabolic 
rate, dry heat loss, and wet heat loss were measured continuously by using direct and 
indirect calorimetry. 
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The results of the study showed that during the dry portion of the test (first 30 min into 
the calorimeter when 98% of the skin heat loss was dry) there was no significant 
difference (P ≤ 0.05) between the total body heat loss (excluding the respiratory heat 
loss) as measured by direct calorimetry (170 ± 23 W) as compared to the heat loss as 
measured by HFTs (165 ± 25 W). During the wet portion of the test (second 30 min into 
the calorimeter when 66% of the skin heat loss was dry) there was no significant 
difference (P ≤ 0.05) between the total body heat loss (excluding the respiratory heat 
loss) as measured by calorimetry (175 ± 30 W) as compared to the heat loss as measured 
by HFTs (196 ± 32 W). 
 
From that study, it was concluded that the use of HFTs for the measurement of the total 
skin heat loss from human subjects exposed to a cold wet environment is a valid method. 
HFTs could measure accurately the dry and wet heat lost components of the total skin 
heat loss. 
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